Fat oxidation during exercise is greater in females than in males. We sought to determine whether sex differences in substrate metabolism are paralleled by distinct skeletal muscle mitochondrial volume density and oxidative capacity. Whole-body substrate (fat and carbohydrate) utilization during submaximal treadmill running was assessed, and skeletal muscle biopsies were taken to determine mitochondrial volume density and function in healthy young females (n = 12) and males (n = 12) matched by aerobic exercise capacity and exercise performance. Females presented a lower respiratory exchange ratio (0.87 ± 0.04 versus 0.91 ± 0.04, P = 0.023) and whole-body carbohydrate oxidation (27.8 ± 8.3 versus 35.8 ± 6.5 mg kg −1 min −1 , P = 0.027), whereas fat oxidation was higher (8.7 ± 2.8 versus 5.9 ± 2.6 mg kg −1 min −1 , P = 0.034) during submaximal exercise compared with males. In skeletal muscle biopsies, females demonstrated augmented mitochondrial volume density (7.51 ± 1.77 versus 5.90 ± 1.72%, P = 0.035) and oxidative capacity for fatty acid [36.6 ± 12.8 versus 24.5 ± 7.3 pmol O 2 s −1 (mg wet weight) −1 , P = 0.009] and lactate [71.1 ± 24.4 versus 53.2 ± 14.6 pmol O 2 s −1 (mg wet weight) −1 , P = 0.040]. No sex differences in respiratory exchange ratio, whole-body fat oxidation and skeletal muscle variables were detected when adjusted for anthropometric variables including body mass or leg mass, which were lower in females. In conclusion, female prioritization of fat over carbohydrate oxidation during exercise is underpinned by augmented body size-related mitochondrial volume density, fatty acid and lactate oxidative capacity in skeletal muscle fibres.
INTRODUCTION
Fat and carbohydrate (CHO) are the main substrates for energy production in human skeletal muscle (Brooks & Mercier, 1994) . During exercise, the relative oxidation of fat and CHO may be influenced by several factors, such as diet (Horowitz, Mora-Rodriguez, Byerley, & Coyle, 1997) , muscle glycogen content (Weltan, Bosch, Dennis, & Noakes, 1998) , exercise intensity/duration (Romijn et al., 1993) , type of exercise (Cheneviere, Malatesta, Gojanovic, & Borrani, 2010) and fitness status (Jeukendrup, Mensink, Saris, & Wagenmakers, 1997; van Loon, Jeukendrup, Saris, & Wagenmakers, 1999) . Although conflicting results were originally reported (Costill, Fink, Getchell, Ivy, & Witzmann, 1979) , it is currently accepted that sex per se also modulates substrate utilization (Horton, Pagliassotti, Hobbs, c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society & Hill, 1998; Tarnopolsky, 2008; Venables, Achten, & Jeukendrup, 2005; White, Ferguson, McCoy, & Kim, 2003) . In particular, females rely to a greater extent on fat, hence they have lower CHO oxidation compared with males (Blatchford, Knowlton, & Schneider, 1985; Phillips, Atkinson, Tarnopolsky, & MacDougall, 1993; Tarnopolsky, Atkinson, Phillips, & MacDougall, 1995; Tarnopolsky, MacDougall, Atkinson, Tarnopolsky, & Sutton, 1990) .
No difference is observed before and after exercise; sex differences in substrate utilization occur only during exercise (Horton et al., 1998) .
Multiple factors extrinsic to skeletal muscle are thought to contribute to enhanced fat oxidation during exercise in females, including higher circulating concentrations of glycerol and estrogen (Hamadeh, Devries, & Tarnopolsky, 2005;  Experimental Physiology. 2018;103:851-859.
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New Findings
• What is the central question of this study?
Females rely to a greater extent than males on fat oxidation during exercise. Whether any difference in skeletal muscle mitochondrial phenotype and oxidative capacity contributes to this sexual dimorphism remains incompletely explored.
• What is the main finding and its importance?
Female prioritization of fat during exercise occurs in parallel to augmented mitochondrial volume density and intrinsic fatty acid and lactate oxidation in skeletal muscle fibres compared with males, independently of aerobic exercise capacity. The enlarged metabolic machinery in skeletal muscle of females is associated with lower body size and leg mass. Ruby et al., 1997) , reduced catecholamine response (Horton et al., 1998 ) and inactivation of -adrenergic receptors in adipose tissue (Hellström, Blaak, & Hagström-Toft, 1996) . Moreover, some intrinsic skeletal muscle factors might also determine substrate utilization. In this regard, higher intramyocellular lipid content is reported in females compared with males matched by maximal oxygen consumption (V O 2 max ; Roepstorff et al., 2002; . Moreover, the percentage of high-oxidative, lowglycolytic type I fibres and capillary density are reported to be higher in females (Roepstorff et al., 2006) . These morphological divergences could facilitate fat oxidation in females. In addition, sexual dimorphism of mitochondrial oxygen consumption and transcriptional levels of mitochondria-related genes associated with fat metabolism and oxidative phosphorylation has been demonstrated in animal studies (McCully, Rousou, Parker, & Levitsky, 2007; Vijay et al., 2015) . Female rodents exhibit greater mitochondrial gene expression and oxidative capacity compared with males (McCully et al., 2007; Vijay et al., 2015) .
Increases in mitochondrial volume density (Mito VD ), i.e. the volume per cent of mitochondria in muscular tissue, might specifically reflect an improved capacity to oxidize fat and thereby spare limited CHO reserves from becoming depleted (Lundby & Jacobs, 2016) . Likewise, the exceptional capacity for fat oxidation and muscle glycogen preservation observed in sled dogs has been attributed to augmented skeletal muscle Mito VD (McKenzie et al., 2005; Nielsen, 2014) . In humans, the expression of several genes involved in lipid metabolism is increased in skeletal muscle in females (Kiens et al., 2004; Roepstorff et al., 2006) . It is unknown, however, whether fundamental sex-related differences in Mito VD and fat oxidative capacity are present in human skeletal muscle.
In this study, whole-body substrate utilization during exercise was assessed and skeletal muscle biopsies were taken in 12 healthy young females and males matched by aerobic exercise capacity, as determined byV O 2 max . We hypothesized that prioritization of fat over CHO oxidation during exercise in females would be paralleled by a sexual dimorphism of skeletal muscle, including differences in skeletal muscle Mito VD and oxidative capacities determined by cutting-edge methods.
METHODS

Ethical approval
The experimental protocol was approved by the local ethical committee (Dnr 1015-13, Gothenburg, Sweden) and conducted in accordance with the Declaration of Helsinki. The study was not registered in a research database. Participants were fully informed about the purpose, benefits and risks associated with this study and provided their written and oral informed consent before initiation of the experiments.
Participants
Twelve young females withV O 2 max of 52.8 ± 5.7 ml kg −1 min −1 were recruited to participate in the study. In addition, 24 young males were screened, and 12 of these were selected on the basis of having ȧ V O 2 max (52.9 ± 5.3 ml kg −1 min −1 ) similar to the recruited females. All subjects were healthy and regularly involved in endurance training (ET; minimum running 30 km week −1 during the last 2 years).
Experimental design
All subjects were required to report to the laboratory twice during 1 month after fasting overnight, first to run on a treadmill to determine maximal exercise capacity and whole-body substrate utilization by the assessment of pulmonary variables, and second, for anthropometric measurements and skeletal muscle biopsies. 
Experimental measures
Anthropometry
Body mass was assessed in underwear to the nearest 0.1 kg (MPB300K100; Kern, Balingen, Germany), and height was measured to the nearest 0.5 cm. Body surface area (BSA) was calculated according to the Du Bois formula (Du Bois & Du Bois, 1989) . Lower leg mass was also determined (Lennihan & Mackereth, 1973) .
Skeletal muscle biopsy
A skeletal muscle biopsy was obtained from the vastus lateralis under local anaesthesia (1% lidocaine). The muscular tissue was immediately dissected to be free of fat and connective tissue and divided into sections for determination of mitochondrial respiration and transmission electron microscopy (TEM), Western blotting and immunohistochemistry.
Transmission electron microscopy
Four 1 mm 3 portions of each muscle biopsy were fixed in 2.5%
glutaraldehyde at room temperature and processed as previously described (Montero et al., 2015) . Transmission electron microscopic images were obtained in a FEI Tecnai G2 Spirit electron microscope (FEI, Hillsboro, OR, USA) mounted with an Orius SC1000 CCD camera (Gatan, Pleasanton, CA, USA). Two hundred and sixteen images (3840 × 2528 pixels, each pixel being 4.14 nm × 4.14 nm) were acquired in random systematic order from 24 meshes distributed on eight grids from four blocks. In each of the 24 meshes, nine images were acquired using the automated image captured by TEM. A random starting point was selected for the first micrograph, and further micrographs were Each point was assigned as either mitochondrion, lipid droplet, skeletal muscle or 'nothing' , and expressed as the volume per cent of muscular tissue.
Cryosections
Muscle 
Skeletal muscle fibre cross-sectional area
Three serial transverse sections from each subject were fixed in acetone for 30 s and left to air dry at room temperature for 10 min, and thereafter blocked with 5% goat serum in PBS. The sarcolemma of the muscle fibres was stained using anti-laminin mouse monoclonal primary antibody (1:80 dilution, NCL-Laminin; Novocastra, Muttenz, Switzerland). Alexa Flour 488 (1:600; ab150117; Abcam, Cambridge, UK) was used as secondary antibody. Ultimately, FIJI software (NIH, Bethesda, MD, USA) was used for determination of fibre crosssectional area. The fibre cross-sectional area was determined for 259 ± 100 (mean ± SD; range 111-467) fibres per sample.
Muscle capillarization and fibre typing
Capillary density was determined by immunohistochemical analysis, counting the number of capillaries surrounding coherent fibres, and expressed as the capillary-to-fibre ratio (C/F ratio) as detailed by Montero et al. (2015) . The skeletal muscle fibre types were assessed by the ATPase assay on three serial transverse sections from each subject (Montero et al., 2015) .
Muscle lysate preparation and Western blotting
Standard Western blotting procedures were applied for quantification of mitofusin 2 (MTFN2), uncoupling protein 3 (UCP3) and skeletal muscle-specific -actin (actin) as previously described (Jacobs et al., 2012) . The quantities of MFN2 and UCP3 were normalized to actin.
Skeletal muscle mitochondrial respiration
Measurements of respiration were performed using the high- protocol (Jacobs et al., 2012) . In the present study, we were particularly 
Statistical analysis
Statistical analyses were performed using SPSS 22.0 (SPSS, Chicago, IL,
USA 
RESULTS
Main characteristics
Whole-body substrate utilization and RER during exercise
Carbohydrate oxidation was lower (average 27.8 ± 8.3 versus 35.8 ± 6.5 mg kg −1 min −1 , P = 0.027), whereas fat oxidation was higher, as expressed relative to body mass (average 8.7 ± 2.8 versus 5.9 ± 2.6 mg kg −1 min −1 , P = 0.034) and as a percentage of energy expenditure (average 43.7 ± 14.1 versus 29.0 ± 12.2%, P = 0.023), in females versus males during exercise (Figure 1 ). No sex differences in fat oxidation were observed when body mass, BSA or leg mass was included as a covariate, whereas CHO oxidation remained lower in females only with leg mass as a covariate (P = 0.022). The absolute energy expenditure was lower in females compared with males at each exercise intensity (65, 75 and 85%V O 2 max ; average 11.7 ± 1.3 versus 17.9 ± 2.4 kcal min −1 , P < 0.001); this difference was not observed when adjusted for BSA. Moreover, females had lower RER than males (average 0.87 ± 0.04 versus 0.91± 0.04, P = 0.023; Figure 1 ), but this difference vanished when adjusted for BSA, body mass or leg mass. Sex comparisons in additional skeletal muscle characteristics found no differences for LD VD , C/F ratio, fibre distribution, fibre cross-sectional area, UCP3 and MTFN2 (Table 2 ). The addition of anthropometric variables (body mass, BSA or leg mass) as covariates did not alter these results, except for LD VD , which was elevated in females compared with males when adjusted for body mass (P = 0.017), BSA (P = 0.027) and leg mass (P = 0.043).
Skeletal muscle characteristics
Associations among whole-body substrate utilization and skeletal muscle variables
Mitochondrial volume density was positively correlated with P FAO (r = 0.53, P = 0.007), P Lactate (r = 0.65, P = 0.001) and P CI (r = 0.55, P = 0.005; Figure 4 Data are presented as means ± SD. Abbreviations: C/F ratio, capillary-tofibre ratio; FCSA, fibre cross-sectional area; LD VD , volume density of lipid droplets; MTFN2, mitofusin 2; and UCP3, uncoupling protein 3.
P Lactate (r > 0.54, P < 0.015) but not with P FAO and P CI . There was no significant correlation between whole-body substrate utilization variables (RER, CHO oxidation or fat oxidation) and skeletal muscle variables.
DISCUSSION
Findings of the present study demonstrate fundamental sex-and body size-related differences in skeletal muscle characteristics, potentially contributing to enhanced exercise fat oxidation in females. First, skeletal muscle Mito VD was higher in females compared with males, irrespective of MTFN2 levels. Second, P FAO and P Lactate in skeletal muscle were also augmented in females. These observations paralleled higher fat oxidation during exercise in females at the whole-body level, all of which cannot be attributed to different aerobic exercise capacity.
Sex differences in whole-body fat oxidation, skeletal muscle Mito VD , P FAO and P Lactate disappeared when taking body size into account.
The observation that fat oxidation contributes to a higher percentage of energy production during exercise in females versus males is commonly seen as an advantageous metabolic feature that preserves CHO reserves (Brooks & Mercier, 1994; Lundsgaard & Kiens, 2014; Tarnopolsky, 2008) , which is particularly relevant in ultra-endurance events (Speechly, Taylor, & Rogers, 1996) . Metaanalytical evidence demonstrates a consistently lower RER during exercise in females compared with males (−0.03 RER units; Tarnopolsky, 2008) , which concurs with the present study and corresponds to ∼40% increment in whole-body fat oxidation relative to body mass. Despite such a striking sexual dimorphism, the mechanisms driving substrate utilization during exercise remain partly unexplained (Venables et al., 2005) . Although major breakthroughs regarding molecular and biochemical factors potentially modulating substrate utilization have been elucidated (Hellström et al., 1996; Horton et al., 1998; Roepstorff et al., 2002; Tarnopolsky, 2008) , the structural and functional sex differences at the level of the mitochondria have scarcely been explored in healthy humans (Crane, Devries, Safdar, Hamadeh, & Tarnopolsky, 2010; Tarnopolsky et al., 2007) . Tarnopolsky The present study also demonstrates augmented skeletal muscle P FAO and P Lactate in females, which is probably the consequence of increased mitochondrial content, given that no sex difference was observed when P FAO and P Lactate were adjusted for Mito VD . Higher
Mito VD in females may facilitate P FAO owing to reduced metabolic alterations comprising attenuated increases in ADP, lactate and creatine concentrations at a given work rate (Holloszy & Coyle, 1984; Jacobs & Lundby, 2013; Karlsson, Nordesjö, Jorfeldt, & Saltin, 1972) .
Furthermore, the augmented P Lactate in females could contribute to lower circulating lactate, carbonic acid and thereby pulmonary RER independently of fat and CHO oxidation. Overall, the enhanced wholebody fat utilization during exercise in females is subject to enlarged metabolic machinery in skeletal muscle fibres, albeit this does not Correlates of mitochondrial volume density (Mito VD ). Abbreviations: P CI , submaximal state 3 respiratory capacity specific to complex I; P Lactate , lactate-stimulated respiration; and P FAO , maximal fatty acid oxidative capacity substantiate whether sex per se is the ultimate cause, independent of lifestyle factors, as discussed below.
Increased skeletal muscle Mito VD is a common adaptation to endurance training (ET) considered to delay the depletion of CHO stores (Holloszy & Coyle, 1984; Jacobs & Lundby, 2013 and reduced exercise performance (in absolute terms and relative to total body mass) in females versus males (Roepstorff et al., , 2006 . In this sense, one can argue that the similar performance level of females and males in our study denotes a higher training dose, thus augmented stimuli for skeletal muscle adaptations in females, provided that they must train more than males to achieve a given exercise performance, a concept that remains to be established. Nonetheless, it should be noted that endurance exercise stimulates citrate synthase activity and mitochondrial biogenesis, as determined by citrate synthase mRNA, to a higher degree in females versus males matched by training volume andV O 2 max (in millilitres per kilogram of lean body mass per minute; Roepstorff et al., 2005) . In turn, central cardiovascular adaptations to ET may be blunted in females (Howden et al., 2015) . In this regard, increases in left ventricular mass, stroke volume/left ventricular filling pressure ratio (i.e. the Frank-Starling mechanism) andV O 2 max are less prominent in females than males after 1 year of ET matched by training volume and intensity (Howden et al., 2015) . Although speculative, the responsiveness to and/or nature of ET-induced metabolic and mechanical stress might favour peripheral rather than central adaptations in females.
The selection of females and males with equivalent aerobic exercise capacity resulted in large differences in anthropometric variables, concurring with previous studies Steffensen, et al., 2002; White et al., 2003) . In this respect, body mass, BSA and leg mass were nearly one-third lower in females versus males. When anthropometrical variables were considered as covariates, which had not been previously explored, sex differences inV O 2 max (in litres per minute), exercise RER, whole-body fat oxidation and skeletal muscle Mito VD , P FAO and P Lactate capacity were not detected, even with allometric scaling of body mass to the power of 0.73 as suggested by (Jensen, Johansen, & Secher, 2001) . Hence, these differences could seemingly be explained by body size. The rationale for an impact of body size on whole-body and skeletal muscle substrate utilization is unclear. From a comparative physiology perspective, lower body size is associated with augmented skeletal muscle Mito-VD in mammals (Mathieu et al., 1981) . Likewise, indices of mitochondrial content in skeletal muscle are inversely related to body size in humans, albeit this relationship may be confounded by fitness status (Bharadwaj et al., 2015) . Taken together, the lower body size in females may be intrinsically associated with augmented skeletal muscle Mito VD , leading to increases in P FAO and P Lactate capacity ultimately contributing to reduce RER during exercise, as aforementioned.
Skeletal muscle characteristics such as type I fibre percentage and capillarization (C/F ratio), both potentially modulating oxidative capacity (Lundsgaard & Kiens, 2014) , were similar between females and males. These results coincide with previous studies in moderately fit individuals (V O 2 max of ∼50 ml kg −1 min −1 ; Hoeg et al., 2009; Steffensen et al., 2002) and suggest that skeletal muscle fibre distribution and greater capillary supply per fibre are not essential to the sexual dimorphism of substrate utilization. Nonetheless, given that fibre cross-sectional area is commonly lower in females versus males (Hoeg et al., 2009; Steffensen et al., 2002 ; P = 0.058 in the present study), capillary density (capillaries per fibre surface) might be augmented in females (Hoeg et al., 2009; Roepstorff et al., 2006) . This morphological feature, in concert with enhanced lipid binding transport proteins (Kiens et al., 2004) , could facilitate fatty acid uptake by skeletal muscle, thus contributing to higher skeletal muscle lipid content in females.
There are some limitations in the present study that require comment. Further research is needed to elucidate whether potential differences in the training dose between performance-matched females and males contribute to sexual dimorphism in skeletal muscle.
Moreover, the menstrual cycle may influence whole-body substrate utilization during exercise, although the majority of the literature reports no effect (Kanaley, Boileau, Bahr, Misner, & Nelson, 1992; Stephenson, Kolka, & Wilkerson, 1982; Zderic, Coggan, & Ruby, 2001 ). Although we did not control for the menstrual phase, this seems unlikely to have a material effect on skeletal muscle structural variables, such as Mito VD .
In conclusion, the present study demonstrates that female prioritization of fat over CHO whole-body oxidation during exercise occurs in parallel to augmented Mito VD , fatty acid and lactate oxidation in skeletal muscle fibres compared with males, independently of maximal aerobic exercise capacity. These differences were not observed when adjusted by body size measures, which were lower in females. To what extent sex-and body size-related differences in skeletal muscle Mito VD and oxidative capacities contribute to substrate utilization during exercise will have to be substantiated in future experimental studies. of data; data analysis and interpretation; manuscript writing. K.M., D.M. and A.-K.M.-L.: data analysis and interpretation. F.E.: collection and assembly of data. All authors approved the final version of the manuscript and agree to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All persons designated as authors qualify for authorship, and all those who qualify for authorship are listed.
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